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Summary
The human Xp/Yp telomere–junction region exhibits
high levels of sequence polymorphism and linkage dis-
equilibrium. To determine whether this is a general fea-
ture of human telomeres, we have undertaken sequence
analysis at the 12q telomere and have extended the anal-
ysis at Xp/Yp. A total of 22 single-nucleotide polymor-
phisms (SNPs) and one 30-bp duplication were detected
in the 1,870 bp adjacent to the 12q telomere. Twenty
polymorphic positions were in almost complete linkage
disequilibrium, creating three common diverged haplo-
types accounting for 80% of 12q telomeres in the white
population. A further 6% of 12q telomeres contained a
1,439-bp deletion in the DNA flanking the telomere. The
remaining 13% of 12q telomeres did not amplify with
the primers used (nulls). The distribution of telomere
(TTAGGG) and variant repeats within 12q telomeres
was hypervariable, but alleles with similar distribution
patterns were associated with the same haplotype in the
telomere-adjacent DNA. These data suggest that 12q
telomeres, like Xp/Yp telomeres, exhibit low levels of
homologous recombination and evolve along haploid
lineages. In contrast, high levels of homologous recom-
bination occur in the adjacent proterminal regions of
human chromosomes. This suggests that there is a lo-
calized telomere-mediated suppression of recombina-
tion. In addition, the genetic characteristics of these
regions may provide a source of deep lineages for the
study of early human evolution, unaffected by both nat-
ural selection and recombination. To explain the pres-
ence of a few diverged haplotypes adjacent to the Xp/
Yp and 12q telomeres, we propose a model that involves
the hybridization of two archaic hominoid lineages ul-
timately giving rise to modern Homo sapiens.
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Introduction
Telomeres are tandemly repeated structures that cap
the ends of linear eukaryotic chromosomes, protecting
them from end-to-end fusion and degradation (Black-
burn 1991). In humans, telomeres consist predomi-
nantly of the sequence TTAGGG, which is reiterated
in arrays of20 kb (Hastie et al. 1990). The telomere-
repeat motif is synthesized de novo at the terminus
by the ribonucleoprotein telomerase; this counteracts
the loss of terminal sequences resulting from incom-
plete lagging-strand synthesis. The length of the telo-
meric arrays depends on both the telomerase activity
and the replicative history of the tissue in which it
resides (Harley et al. 1990). Proximal to the telomere-
repeat arrays are regions containing tandemly re-
peated DNA-sequence families (reviewed in Royle
[1995]). These are shared between nonhomologous
chromosomes with a polymorphic distribution be-
tween unrelated individuals (de Lange et al. 1990; Ijdo
et al. 1992; Royle et al. 1992). For example, detailed
analysis of the terminal region of chromosome 16p
revealed extraordinary length polymorphism in the
subtelomeric region. Four different-length alleles were
identified, but the telomere-adjacent sequence of these
alleles tended to show more similarity to subterminal
sequences on other chromosome ends than they did
to one another (Wilkie et al. 1991).
Human chromosome ends (proterminal regions) dis-
play elevated levels of recombination, as is evidenced by
chiasmata distribution and genetic-map expansion (Hul-
ten 1974; National Institutes of Health/CEPH 1992;
Mohrenweiser et al. 1998). In addition, the terminal
regions of primate chromosomes have undergone rapid
and large-scale changes over short periods of evolution-
ary time. All of the gorilla and half of the chimpanzee
chromosome ends contain a subterminal satellite se-
quence that is absent from both the orangutan and hu-
man chromosome ends (Royle et al. 1994). Analysis of
sequences orthologous to the human Xp/Yp-telomere
junction in the chimpanzee, gorilla, and orangutan ge-
nomes revealed rapid sequence evolution involving gross
chromosomal rearrangements; consequently, the posi-
tion of the telomere is unique to theHomo lineage, with
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additional structures being present in the other species
examined (Baird and Royle 1997). All of these obser-
vations suggest that, in the great apes, chromosome ends
are dynamic and relatively transient structures, such that
the majority of human telomeres have been created since
the Homo/Pan divergence (Royle et al. 1994; Baird and
Royle 1997).
To examine repeat turnover within specific human
telomeres, we have developed a system (telomere-var-
iant-repeat mapping by PCR [TVR-PCR]) with which
to assay the distribution of variant repeats that occur
within the proximal 1.5 kb of human telomere-repeat
arrays (Allshire et al. 1989; Baird et al. 1995). The
results of TVR-PCR analysis of two human telomeres
(Xp/Yp and a subset of telomeres on chromosome 16)
have revealed a hypervariable distribution of repeats
(Baird et al. 1995; Coleman et al. 1999). Comparison
of allelic telomere codes suggests that these repeat ar-
rays have evolved along haploid lineages and that the
mutational mechanisms underlying the observed var-
iation are predominantly of an intra-allelic nature, in-
volving small localized expansions/contractions in
blocks of like repeat units. This may involve mecha-
nisms such as replication slippage and unequal sister-
chromatid exchange (Baird et al. 1995). Analysis of
the Xp/Yp telomere–adjacent DNA revealed a high
frequency of sequence polymorphism clustered within
the 1 kb immediately adjacent to the telomere. In ad-
dition, strong linkage disequilibrium across the poly-
morphic sites results in a limited number of highly
diverged haplotypes, with a striking absence of inter-
mediate haplotypes in the population examined (Baird
and Royle 1997; Baird et al. 1995).
To determine whether the unusual genetic character-
istics of the human Xp/Yp telomere are unique or are a
general feature of human telomeres, we have analyzed
sequence polymorphism at the telomere of 12q. In ad-
dition, we have extended the analysis of the Xp/Yp ter-
minal sequences in African DNA samples.
Material and Methods
Genomic DNAs
The samples from white individuals were from the
CEPH collection of lymphoblastoid DNAs. African
DNA samples (AF) were extracted both from whole-
blood samples collected in the United Kingdom and from
semen samples that were kindly supplied, to Professor
Sir Alec J. Jeffreys, by A. D. Nkomo and S. B. Kanoy-
angwa (Forensic Science Laboratory, Causeway, Zim-
babwe). All the studies conducted had obtained prior
approval from the Leicestershire Health Authority’s
Committee on the Ethics of Clinical Research Investi-
gation.
PCR
PCR was done with the use of the buffer system de-
scribed elsewhere (Jeffreys et al. 1991). The primers and
annealing temperatures used for PCR were as follows:
TSK8B 5′-CCCTCTGAAAGTGGACCTAT-3′ at 58C,
12qB 5′-ATTTTCATTGCTGTCTTAGCACTGCAC-3′
at 61C, TSK7B 5′-CACTATTAGGGTTATTATGTT-
GACTA-3′ at 60C, 12qA 5′-GGGACAGCATATTCT-
GGTTACC-3′ at 61C, 12qArev 5′-CCCCAAAATATA-
ATGGTAGGTAACC-3′ at 63C, pKSRV2.D 5′-ATCC-
TAGCAAAGCTGAGAACTCAG-3′ at 63C, 12q-197A
5′-GGGAGATCCACACCGTAGCA-3′ at 67C, and
12q-197G 5′-TGGGAGATCCACACCGTAGCG-3′ at
67C. In addition, primer pKSRV2.G 5′-CACAGTAGA-
CAAGGGTAAGGTTTG-3′ was used for sequencing of
some PCR products, and primer 12qnull3 5′-GATGTC-
TGAGTGGATTCAGACATG-3′ was used for analysis
of 12q-deletion-allele–associated telomeres.
TVR-PCR was performed as described elsewhere
(Baird et al. 1995). Individuals who were selected for
TVR-PCR analysis were heterozygous (either A,B or
A1,B) for haplotypes in the 12q telomere-adjacentDNA,
or they were hemizygous, carrying only one amplifying
allele. Allele-specific amplification for TVR-PCR anal-
ysis of the 12q telomere was conducted from the 197
polymorphism, by use of primers 12q-197A or 12q-
197G. Products of TVR-PCR were resolved on a 5%
polyacrylamide gel, 1# Tris-borate EDTA, and 7.67 M
urea, at 50C for ∼4 h, 30 min.
Polymorphism Assays
Polymorphic sites 1036 (TaqI/) and 1812
(AluI/) were assayed after PCR amplification with
primers pKSRV2.D and 12qArev was done under the
following conditions: denaturation at 96C for 20 s, an-
nealing at 63C for 30 s, and primer extension at 70C
for 80 s for 32 cycles. PCR product, in amounts of 1 ml
and 5 ml, was digested with TaqI and AluI, respectively,
according to the manufacturers’ recommendations, and
the products were resolved on 2.5% and 4.5% Meta-
phor agarose gels (FMC BioProducts), respectively.
Polymorphic sites 63 (AciI/), 473 (BsmI/;
fig. 1), and 554 (KpnI/), and the (659–630) in-
sertion/deletion (in/del) were assayed after PCR ampli-
fication was done, with primers 12qA and 12qB or
TSK7B, under the conditions described above but with
an annealing temperature of 61C. A total of 3 ml of the
PCR reactions was digested with the appropriate re-
striction enzyme, and the products were resolved as fol-
lows: AciI, on 3.5% Metaphor agarose gel; BsmI and
KpnI, on 1.5% agarose gel (high-gelling-temperature
agarose; FMC BioProducts) (see fig. 1).
Baird et al.: 12q-Telomere Biology and Human Evolution 237
Figure 1 An example of a BsmI RFLP assay. This assay identifies
both the 473 SNP (upper two fragments) and the (659–630) in-
sertion/deletion polymorphism (lower two fragments). Note the as-
sociation between the polymorphisms observed inDNAs that are either
homo- or heterozygous for both.
Figure 2 Diagrammatic representation of the 12q telo-
mere–adjacent DNA. The positions of primers used for PCR analysis
are denoted by a horizontal arrow, and polymorphic sites are denoted
by a vertical arrow. Polymorphic sites used either in the RFLP analysis
or for allele-specific amplification are denoted by their position with
respect to the first telomere repeat. Homologies with other subtelom-
eric sequences are indicated.
Sequencing
Gel-purified PCR-amplified double-stranded DNA
was sequenced by use of the Big Dye Terminator Cycle
Sequencing Ready Reaction Kit (PE Biosystems). Con-
tiguous sequences were assembled by use of the Au-
toassembler program, version 1.4, for Macintosh (PE
Biosystems). Sequence analysis of 28 alleles in the tel-
omere-adjacent DNA was conducted on amplicons gen-
erated with primers 12qB and pKSRV2D, to examine
the extent of linkage disequilibrium. Haplotype A alleles
(9) were obtained from four DNAs that were homozy-
gous for haplotype A and from one that was hemizygous
(A/null); haplotype B alleles (10), from four DNAs that
were homozygous for haplotype B and from two that
were hemizygous (B/null); and haplotype A1 (9) alleles,
from two DNAs that were homozygous for haplotype
A1 and from five that were hemizygous (A1/null). Se-
quence analysis of telomere repeats was performed after
the excision of TVR-PCR bands from the polyacryl-
amide gel, as described elsewhere (Baird and Royle
1997), and was followed by reamplification with both
the allele-specific primer used in the original amplifica-
tion and the TAG primer (Jeffreys et al. 1991).
Results
Sequence Analysis of the 12q Telomere–Adjacent
DNA
The 12q telomere–adjacent DNA was isolated by vir-
tue of homology with the telomere-adjacent DNA of
chromosome 7q (Royle et al. 1992; Coleman and Royle
1996). A small amount of sequence information (74 bp)
was available from the 12q telomere–junction clone
TSK7 (Royle et al. 1992). The sequence showed 91%
similarity to the 7q telomere–adjacent sequence, and the
sequence differences were used to design a 12q-specific
PCR primer (TSK7B). Combinations of TSK7B and
other primers from the 7q sequence were used to ampli-
fy 12q telomere–adjacent sequences from a half-YAC
clone, yRM2196 (gift from H. Riethman), containing
the terminal regions of 12q. Amplicons were sequenced,
and a contig of 1.9 kb was determined from 12q. Ad-
ditional 12q-specific primers (12qA and 12qArev) were
designed, and the sequence was verified by amplification
of genomic DNA. The chromosomal location was con-
firmed by amplification of a human-rodent monochro-
mosome hybrid panel (Drwinga et al. 1993) (data not
shown).
Comparison of the 7q and 12q sequences revealed
high levels of sequence similarity (97.9%). Sequence da-
tabase (BLAST) searches, done with the 12q sequence,
revealed a distinct tripartite structure that is unique to
both the 7q and 12q telomere–adjacent sequences. The
sequence (125 bp) immediately adjacent to the 12q tel-
omere showed homology (86%) to two interstitial tel-
omere-like repeat arrays (fig. 2). These two interstitial
telomere-like sequences were within clones derived from
16p11.1 and 2p11 (European Molecular Biology Lab-
oratory (EMBL) Database accession numbers ac002038
and ac002307). Proximal to the 125 bp immediately
adjacent to the 12q and 7q telomeres are 512 bp (125
to 637) with homology to subtelomeric repeat se-
quences shared by many chromosome ends, including
the interstitial telomere-like arrays of 16p and 2p. At
least 18 different sequences showed an average sequence
similarity of 83% in this region. Homology to these
sequences is abruptly terminated (at position 666) by
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Table 1
12q Telomere–Adjacent Haplotype Frequencies, as Defined by RFLP Analysis of the White Population (CEPH)
POLYMORPHIC SITESa
HAPLOTYPE 1812 AluI 1036 TaqI (659–630)b 554 KpnI 473 BsmI 63 AciI
NO. OF
ALLELES
( )n = 160 FREQUENCY
12qA G C  A A C 39 .24
12qA1 G C  G A C 28 .18
12qC G C  A A C 1 .01
12qB A T  A G T 60 .38
12qD A T  A G T 1 .01
Deletion G NP NP NP NP T 10 .06
Null NP NP NP NP NP NP 21 .13
a NP = sequences are not present.
b Bases are present () or absent (), as indicated.
sequences with homology to a less-common subtermi-
nal-sequence family (fig. 2). The organization of sub-
terminal-repeat sequences into a two-domain structure
has previously been observed over longer tracts of se-
quences at other chromosome ends in humans and in
yeast (Flint et al. 1997). Four sequences from the EMBL
Database and GenBank—but not the clones derived
from 16p and 2p, mentioned above—showed a 94.2%
average sequence similarity to the proximal region of
the 12q and 7q telomere–adjacent DNA. In summary,
the particular tripartite arrangement of subterminal se-
quences described above has been detected only adjacent
to telomere-repeat arrays at 7q and 12q. This, in ad-
dition to the low level of sequence divergence between
the 7q and 12q telomere–adjacent sequence, indicates
that these telomeres arose from a common ancestral
sequence.
Scan for Sequence Polymorphism in the 12q
Telomere–Adjacent DNA
Ten random DNA samples from white individuals
(CEPH) were scanned for sequence polymorphism, by
means of 12q-specific PCR amplification and DNA se-
quencing. The 12q telomere–adjacent sequence was am-
plified in two parts, by use of primers 12qA and TSK7B
(distal region) and primers 12qArev and pKSRV2.D
(proximal region) (fig. 2). A total of 1,870 bp of DNA
was scanned, and 20 single-base substitutions and a 30-
bp insertion/deletion were detected. The 30-bp in/del has
a high CG content (85%) and occurs at the junction
between the two subterminal sequence families described
above (fig. 2). The polymorphic sites were numbered
according to their position from the start of the telomere-
repeat array. Interestingly, the individuals sequenced
were either multiply homo- or heterozygous at all of the
polymorphic sites identified. This suggests that, like the
telomere-adjacent DNA of Xp/Yp, the 12q telomere–a-
djacent DNA exhibited a high level of link-
age disequilibrium.
RFLP Analysis
To further investigate this linkage disequilibrium, a
population survey of some of the polymorphic sites was
undertaken. Six sites that altered the digestion pattern
of restriction enzymes were chosen for analysis. These
were the63 (AciI/),473 (BsmI/; fig. 1),554
(KpnI/), (659–630) in/del (assay on the BsmI/
digest; fig. 1), 1036 (TaqI/) and 1812 (AluI/)
sites. Four of the sites (63,473,1036, and1812)
were found to be in complete linkage disequilibrium in
the white population, defining two haplotypes that were
known as “A” and “B” (with frequencies in the white
population of .24 and .38, respectively; table 1). The
554 (KpnI/) site defined a common subset of hap-
lotype A alleles (known as “haplotype A1” [frequency
.18]) containing a G at this position (KpnI). The
(659–630) in/del was also in linkage disequilibrium
with the 63, 473, 1036, and 1812 sites, but two
rare (1/160 alleles; frequency .01) haplotypes (known as
“C” and “D”) were observed (table 1). Haplotypes C
and D differ from haplotypes A and B, respectively, as
a result of a switch at the(659–630) in/del. The mech-
anism underlying this switch may include a localized
patch of “DNA conversion” between alleles or recurrent
deletion/duplication of this sequence. The GC-rich du-
plicated region may be capable of forming hairpin struc-
tures (as predicted by use of the Stem-Loop program,
version 6.2; Genetics Computer Group). Such structures
are prone to instability (Akgun et al. 1997). In summary,
this analysis identified two major haplotypes (A and B)
with three derivatives—one (A1) that is common and
two (C and D) that are rare (table 1).
Baird et al.: 12q-Telomere Biology and Human Evolution 239
Definition of 12q Telomere–Adjacent Haplotypes
The RFLP data demonstrated that the base substi-
tutional polymorphisms in this region exhibited
strong linkage disequilibrium. To determine whether
the intervening 15 polymorphic sites were also in link-
age disequilibrium with haplotypes A, B, and A1, in-
dividuals who were identified, from the results of the
RFLP analysis, as being either completely homo- or
hemizygous (see below) were sequenced across the en-
tire region. Amplicons generated from PCR amplifi-
cation with the 12q-specific primer 12qB and with
primer pKSRV2.D were sequenced with primers p-
KSRV2.D, pKSRV2.G, 12qArev, 12qA, and 12qB (fig.
2). A total of 9 haplotype A, 10 haplotype B, and 9
haplotype A1 alleles were sequenced in this way (see
the Material and Methods section). All the polymor-
phic sites were in linkage disequilibrium, defining the
three haplotypes A, A1, and B (see EMBL Database
accession numbers AJ132885, AJ132886, and
AJ132887, respectively; table 2). Two additional var-
iant positions were identified: one (646 CrG; 22%
of haplotype A1 alleles; estimated population fre-
quency .07), which was present in a subset of hap-
lotype A1 alleles, was contained within the in/del
region, and one (1212 CrG; estimated population
frequency .11) was found in a subset (30%) of hap-
lotype B alleles (table 2). Haplotypes A and B showed
a sequence divergence of 1.1% in the region between
the most proximal polymorphic site (1812) and the
start of the telomere-repeat array. The ancestral se-
quence for some of the polymorphic positions in the
12q-adjacent sequence was determined by comparison
of the 12q haplotypes with those found in related
subterminal sequences and in the 7q telomere–
adjacent sequence.
Null Alleles
The primers used in the RFLP analysis failed to am-
plify two DNAs. In addition, the frequencies of the hap-
lotypes were not concordant with those expected of a
population in Hardy-Weinberg equilibrium, as there was
an excess of homozygous individuals. One of the DNAs
could be amplified across the entire region, with use of
primers 12qB and pKSRV2.D. The amplification prod-
uct was ∼1.5 kb shorter than was expected (fig. 3b).
Sequence analysis of this fragment revealed a 1,439-bp
deletion that included the annealing sites for primers
12qA and 12qArev, which were used in the amplifica-
tions for the RFLP analysis (EMBL Database accession
number AJ132888). The population frequency (.06) of
this deletion haplotype was determined by PCR analysis
of the CEPH parental DNAs, done with the use of 12qB
and pKSRV2D primers (fig. 2). No sequence variation
was detected among the four deletion alleles that were
sequenced. The proximal 297 bp of the deletion allele
show homology to the 12q haplotype A sequence, as
defined by the 1812 and 1766 polymorphic sites.
Distal to the deletion breakpoint, there are 135 bp of
homology to the haplotype B sequence, as defined by a
single polymorphism (63 position) (fig. 3b). The se-
quence of the first 37 telomere repeats of one 12q de-
letion–associated telomere was determined. Surprisingly,
the repeat array was dissimilar to those associated with
haplotype B. The first eight repeat units were identical
to telomeres associated with haplotype A, but they have
been duplicated three times in the deletion-associated
telomere. The distal 13 repeats that were sequencedwere
dissimilar to haplotype A telomeres (figs. 3a and 4). The
telomere-adjacent DNA of the deletion allele contained
an additional 23 bp of sequence at the breakpoint (135
to 1574; fig. 3c). The additional sequence contained
15 bp of a 19-bp inverted repeat derived from a sequence
located 14 bp distal to the breakpoint; the other 4 bp
of the inverted repeat were present immediately distal
to the breakpoint. The remaining 8 bp of additional
sequence at the breakpoint consisted of a direct repeat
(10 bp total) derived from the inverted repeat. Several
events must have occurred to generate the complex
changes present in the 12q deletion allele, and the lack
of variation between the four sequenced copies of the
deletion allele suggests either that these events occurred
together (at one point in time) or that only a single
lineage exists today.
Proximal to the proposed deletion breakpoint, the se-
quence was more similar to 12q haplotype A than to 12
q haplotype B. However, there were five base differences
from the 12q haplotype A sequence located proximal to
the breakpoint (fig. 3c), and there was another single-
base difference (ArC) located 285 bp proximal to the
breakpoint. Since three of the five base differences were
shared by other copies of the subterminal sequences else-
where in the genome (fig. 3c), it remained possible that
the deletion allele was not located on 12q. Therefore,
linkage analysis was conducted by use of the CEPH
panel of family DNAs. Strong evidence in favor of tight
linkage between the 12q telomere–adjacent locus and
the distal D12S357 locus (Dib et al. 1996) was found
(at recombination fraction [v] 0, a LOD score of 7.82
was obtained for three families segregating the A, A1,
or B alleles at the 12q telomere–adjacent locus and for
which segregation data was available at the D12S357
locus [CEPH Genotype Database, version 7]). Segrega-
tion analysis also revealed complete concordance be-
tween the 12q deletion allele and inheritance at the
D12S357 locus (at v = 0, a LOD score of 3.01 was
obtained for two families, when only the segregation
data for the 12q deletion allele was included).
The second DNA that did not amplify during the
RFLP analysis also failed to amplify with the use of any
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Figure 5 An example of an autoradiograph of the 12q-speci-
fic TVR-PCR reactions. Five allele-specific TVR-PCR reactions are
shown. Primer 12q-197A was used to amplify haplotype A and A1
alleles specifically; primer 12q-197G, to amplify haplotype B alleles;
and 12qdel, to amplify the deletion-associated telomeres. The repeats
are numbered from the first repeat in the 12q telomere–repeat array,
as shown. The 12q-197G primer is capable of annealing to the 7q
telomere–adjacent DNA; consequently, 7q-specific products can be
generated with use of this primer. These are observed in the T and C
lanes of one HapB telomere (indicated by an asterisk [*]); the bands
are bracketed on the right side of the autoradiograph. Repeat types
are represented as follows: T = TTAGGG, G = TGAGGG, and C =
TCAGGG.
of the 12q-specific primers. This individual presumably
contains a 12q telomere with adjacent DNA that is not
homologous to the 12q telomere–adjacent alleles de-
scribed here. To determine the frequency of this “null”
allele in the population, segregation analysis was per-
formed in the families of parents scored by CEPH as
being homozygous for the 12q haplotypes. The null al-
lele segregated in a Mendelian fashion in pedigrees, and
some children who were homozygous for null alleles
were identified. Consequently, some parents who were
previously designated as being homozygous for one of
the 12q haplotypes were identified as 12q null/12q A,
A1, or B hemizygotes. The frequency of the null allele
was estimated to be .13 in the white population (table
1). When the corrected genotypes were included, the
population was shown to be in Hardy-Weinberg equi-
librium. Furthermore, the results of linkage analysis per-
formed on seven CEPH families segregating either the
12qA, A1, B, deletion, or null alleles at the 12q telo-
mere–adjacent locus confirmed the close linkage to the
D12S357 locus (LOD score = 14.75 at v = 0).
Telomere- and Variant-Repeat Distribution in the 12q
Telomere
Allele-specific PCR primers (12q-197A and 12q-
197G) to the 197 ArG polymorphism were designed.
When these allele-specific primers are used in conjunc-
tion with repeat-specific telomere primers, the inter-
spersion pattern of variant repeats along single telomeres
can be determined in individuals considered to be hetero-
or hemizygous at the 197 position. The genotype at
the 197 position was determined for some individuals
(data not shown), but the presence of strong linkage
disequilibrium in this region obviated the need to ge-
notype all individuals at the 197 position. For most
individuals, the 197 genotype was inferred from the
genotypes at the flanking63 and473 positions (table
2). The TVR-PCR technique uses repeat primers de-
signed to detect TTAGGG, TGAGGG, and TCAGGG
repeat types (fig. 5), and the distribution of repeat types
along each array is represented as a four-character code
(fig. 4) (Baird et al. 1995).
The repeat distribution at the 12q telomere was found
to be hypervariable; 53 different telomere codes were
observed among the 53 telomeres mapped. Telomere
codes were grouped according to similarities in the re-
peat-distribution pattern; these grouped alleles were as-
sociated with the same haplotype in the DNA adjacent
to the telomere (fig. 4). Telomere codes associated with
each of the flanking haplotypes possessed specific char-
acteristics.
Codes associated with haplotypes A and A1.—All
of the haplotype A– or A1–associated codes ( )n = 24
started with the characteristic TTNNNNNNNNCGNN
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repeat motif (fig. 4), and, further along the array, these
telomeres contained a complex interspersion of TGA-
GGG and TTAGGG repeat types. The haplotype A1–
associated codes all (with the exception of 0202) con-
tained the repeat motif TNG reiterated into variable-
length arrays. Only one haplotype A code (134602) con-
tained a similar number of the TNG motifs (fig. 4). The
similarity at the start of the repeat arrays suggests that
the haplotype A– and A1–associated telomeres were de-
rived from a single common ancestral telomere. This
finding is consistent with the fact that haplotypes A and
A1 differed at only the 550 and 554 KpnI positions
in the telomere-adjacent DNA (table 2). Two of the hap-
lotype A–associated telomere codes contained large
blocks ( and ) of the TCAGGG repeat unit.n = 20 n = 51
The majority of the haplotype A– or A1–associated tel-
omeres contained variation beyond the resolution of the
electrophoretic systems used. One telomere-repeat code
associated with the rare 12q haplotype C was obtained.
Since haplotype C differs from haplotypes A and A1
only at the in/del polymorphism (table 1), it was not
surprising that its telomere code was very similar to the
haplotype A and A1 telomere codes.
Codes associated with haplotype B.—In contrast to
the haplotype A– and A1–associated telomeres, the first
60 repeats of the haplotype B–associated telomeres con-
tain less variation between arrays (fig. 4). This region is
characterized by three blocks of TCAGGG repeat units,
but this repeat type is uncommon in telomeres associated
with the other 12q haplotypes. The limited variation
observed in this region of the haplotype B–associated
telomeres consists of small alterations in blocks of like
repeat units. The majority (22/26) of these telomeres
contain a duplication of the first 60 repeat units, and,
as in the first 60 repeats, the duplicated region shows
limited variation. Beyond this duplication is a complex
and hypervariable interspersion of TGAGGG and TTA-
GGG repeat types, but this variation is beyond the res-
olution of the electrophoretic systems used in the present
analysis and has not been characterized in detail (fig. 5).
Two telomeres (141601 and 134001; fig. 4) are com-
posed of an unduplicated copy of the first of the first 60
repeat units, and these telomere-repeat-distribution pat-
terns may represent the ancestral telomere (prior to the
duplication).
Telomere codes associated with the adjacent 12q de-
letion allele.—Primer 12qnull3 was designed from the
sequence of the deletion breakpoint, to allow allele-spe-
cific amplification of the 12q deletion–associated telo-
mere. Two similar codes were derived from 12q dele-
tion–associated telomeres (figs. 4 and 5), and these
telomeres started with the TTNNNNNNmotif observed
at the beginning of all haplotype A– and A1–associated
telomeres. This motif has been duplicated twice. Distal
to this duplicated region is a complex interspersion of
TGAGGG and TTAGGG repeats.
Extension of Sequence Analysis of Xp/Yp
Telomere–Adjacent Haplotype
The results of a previous analysis of sequence poly-
morphism and linkage disequilibrium at the Xp/Yp tel-
omere revealed two highly diverged haplotypes (A and
B) in white individuals with a third common haplotype,
C, that was very similar to haplotype B. Sequence anal-
ysis of these haplotypes in Africans revealed additional
heterogeneity in haplotype A (Baird et al. 1995). To cal-
culate sequence divergence between the Xp/Yp telo-
mere–adjacent haplotypes accurately, it was necessary to
investigate the additional heterogeneity identified in the
African population. Furthermore, TVR-PCR analysis of
African haplotype A–associated telomeres showed that,
in contrast to haplotype A–associated telomeres derived
from white individuals, the African haplotype A telo-
mere codes were more diverse and could be divided into
two major groups (fig. 6). One group, which began with
a block of NNG6–7 repeat types, was very similar to that
observed in haplotype A–associated codes in white in-
dividuals (Baird et al. 1995). The other group of telo-
mere codes was quite distinct (fig. 6). To determine
whether this distinct group of African telomere codes
was associated with the additional variation in the tel-
omere-adjacent DNA, sequence analysis of the adjacent
DNA was done. Telomere-adjacent DNAs, obtained
from two individuals (AF28 and 10202), that contained
telomere codes from the distinct group (fig. 6) were se-
quenced. The sequence of the telomere-adjacent DNA
of these two telomeres was identical and was different
from the previously defined Xp/Yp haplotype A (table
3). It was designated as “haplotype D.” It seems likely
that the African telomeres shown in figure 6 can be sub-
divided into two groups—one that is similar to the flank-
ing haplotype A–associated telomere codes in white in-
dividuals and a second group that is associated with the
newly defined flanking haplotype D. One of the se-
quenced haplotype D alleles, derived from a white in-
dividual (10202; fig. 6), contained a telomere code sim-
ilar to the distinct group of African codes. Haplotype D
appears to be uncommon in white individuals, but it is
relatively common in Africans and represents additional
variation in the Xp/Yp telomere–adjacent DNA. Nev-
ertheless, the 25 polymorphic sites in the 1,078 bp of
DNA immediately adjacent to the Xp/Yp telomere–
repeat array are in strong linkage disequilibrium, since
only four distinct haplotypes have been observed (table
3). These haplotypes exhibit sequence divergence of
2.0% (between haplotypes D and B). Intermediate
haplotypes, which might have been expected if the se-
quence divergence had arisen by sequential mutations,
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Figure 6 Xp/Yp-telomere codes derived from 22 Africans and from one white individual. Two types of TVR codes were observed. One,
which starts with the characteristic repeat motif GNNTCCNNNN), is common in the African population and is associated with the telomere-
adjacent haplotype D in the two individuals (10202 and AF28, who are denoted by an asterisk [*]) analyzed. Individual 10202 is white. The
other African TVR codes that are shown start with the NNGGGGGG repeat motif that is characteristic of the Xp/Yp haplotype A–associated
TVR codes in white individuals. The different repeat types are represented by the same characters that are used in figure 4.
have not been identified for the majority of the poly-
morphic positions. An exception to this is seen in hap-
lotype C, which differs from haplotype B between the
554 and 427 polymorphisms and at the 146 poly-
morphism (table 3).
Discussion
Telomere-Variant-Repeat Coding
In this article we have described the patterns of se-
quence polymorphism within both the telomere of 12q
in the white population and the subset of Xp/Yp tel-
omeres in the African population. The distribution of
telomere and variant repeats at 12q is hypervariable,
as described in other telomeres (Baird et al. 1995;
Coleman et al. 1999). Most of the variation occurs
as the result of complex interspersion patterns of
TTAGGG and TGAGGG repeats. Despite the varia-
tion between alleles, it is apparent that subsets of 12q
alleles share similar TVR codes. Each subset of alleles
must have evolved as a haploid lineage from a recent
ancestral TVR code. Small localized expansions and
contractions in blocks of like repeat units or in the
copy number of a higher-order repeat motif can ac-
count for differences between closely related alleles.
In general, both TCAGGG and null repeats are con-
fined to the first 100 repeats of the 12q telomere,
whereas the complex interspersion pattern involving
TGAGGG repeats can extend 200 repeats into the
telomere-repeat array. There may have been insuffi-
cient evolutionary time, since the relatively recent ap-
pearance of human telomeres at their current loca-
tions, for variant repeats to spread uniformly through
the proximal ends of telomeres. However, the different
distributions of the TGAGGG and TCAGGG repeat
types have been observed at the Xp/Yp and 12q tel-
omeres and may reflect functional constraints acting
to reduce the spread of some variant repeats more
than others. Such constraints may take the form of
either altered chromatin structure or the different af-
finities of telomere binding proteins, such as TRF1,
for particular repeat types (Chong et al. 1995; Bianchi
et al. 1997). Alternatively, the presence of t-loops,
formed when the 3′ terminus of the telomere is tucked
back into the proximal regions of the telomere, per-
haps near the telomere-adjacent sequences, might
serve to limit the spread of variant repeats (Griffith
et al. 1999). Functional constraints such as these may
also explain the apparent conservation of the
TTAGGG telomere repeat at the proximal ends of tel-
omeres, compared with the 12q-related interstitial tel-
omere-like sequences at 16p11.1 and 2p11, which are
composed mostly of such highly degraded repeats as
TTAGGAGTCAACGTTTAGAG. Furthermore, if
true, this suggests that these variant repeats may be
capable of supporting some of the functions per-
formed by TTAGGG telomere repeats.
None of the TVR codes analyzed were identical, but
the 12q haplotype B–associated alleles were more ho-
mogeneous than the other telomeres examined to date.
The majority of telomeres associated with the 12q hap-
lotype B contained a duplication of the first 60 repeat
units, and it may be that this particular arrangement of
repeats exerts a stabilizing effect.
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High Level of Sequence Polymorphism in the
Telomere-Adjacent DNA
The unusual genetic properties of the telomere-adja-
cent DNA at the Xp/Yp telomere (Baird and Royle 1997;
Baird et al. 1995) are not unique to this telomere, since
the telomere-adjacent DNA of 12q also exhibits high
levels of sequence polymorphism and linkage disequilib-
rium. A total of 22 SNPs and one 30-bp insertion/de-
letion polymorphismwere identified in 1,870 bp of DNA
adjacent to the 12q telomere. This represents a frequency
of one SNP/85 bp, which is much higher than the ge-
nome average of one SNP/0.3–1 kb (Cooper et al. 1985;
Wang et al. 1998; Cargill et al. 1999), although it is
lower than the frequency of one SNP/45 bp in the Xp/
Yp telomere–adjacent DNA. The results of analysis of
the sequences orthologous to the human Xp/Yp telo-
mere–adjacent DNA in great apes have shown that these
sequences exhibit higher levels of sequence divergence
(#2.6) than do other genomic loci (Baird and Royle
1997). In addition, the Xp/Yp telomere–adjacent se-
quences in orangutans also displayed much sequence
variation, and two highly diverged haplotypes (2% di-
vergence between the haplotypes) were identified. These
observations indicate that sequences adjacent to telo-
meres in humans and orangutans display elevated levels
of mutation and that it is possible that an unusual chro-
matin conformation in these regions reduces the acces-
sibility of repair proteins to the telomere-adjacent DNA.
This does not, however, explain the presence of linkage
disequilbrium across the polymorphisms in the telomere-
adjacent DNA at Xp/Yp and 12q.
Linkage Disequilibrium at the Xp/Yp and 12q
Telomeres
The strong linkage disequilibrium in the telomere-
adjacent DNA of Xp/Yp and 12q results in a limited
number of highly diverged haplotypes extending into
the telomere-repeat arrays at both the Xp/Yp and 12q
telomeres. Recently, the results of a comprehensive
analysis involving simulations of a human population
showed that linkage disequilibrium between two se-
lectively neutral loci that are in the presence of ge-
nome-average levels of recombination is likely to be
at a maximum when the two loci are separated by a
very small physical distance (∼300 bp). The linkage
disequilibrium rapidly declined to below “useful” lev-
els if the physical distance was 13 kb (Kruglyak 1999),
and it was shown that the level of linkage disequilib-
rium between pairs of very closely linked loci (sepa-
rated by 300 bp) was very variable. Obviously, the
level of linkage disequilibrium between pairs of loci
depends on the population history and can be influ-
enced either by factors such as a severe reduction in
the effective population size (Ne) or a reduction in
Ne for many generations or by allelic frequencies prior
to a reduction in Ne (bottleneck). Therefore, the ob-
servation of strong linkage disequilibrium between
pairs of very closely linked loci (!3 kb) does not nec-
essarily indicate that the recombination rate is below
that of the genome average but, rather, that it may be
a reflection of population history. The linkage dise-
quilibrium observed in telomere-adjacent sequences
(Xp/Yp and 12q) encompasses multiple SNP loci (one
SNP/45 bp and one SNP/85 bp, respectively) within
a short physical distance. Detailed haplotype analysis,
done over a 3-kb sequence surrounding the b-globin
gene, revealed a dense clustering of SNP loci in a re-
gion regarded as a recombination hotspot with no
evidence of linkage disequilibrium. However, linkage
disequilibrium was notable between SNP loci located
downstream of this recombination hotspot (Harding
et al. 1997). The history of early human populations
is unknown or, at least, uncertain; therefore, overall,
the presence of strong linkage disequilibrium across
multiple SNPs at two telomere-adjacent sequences and
extending into the telomeres indicates that recombi-
nation is suppressed at these loci. The distal limit of
the suppression of recombination within the telomeres
is unknown. More sequence analysis is required from
the 12q telomere–adjacent DNA, to establish the
proximal limit of the suppression of recombination at
this locus; however, it extends for only ∼1 kb into the
telomere-adjacent DNA at Xp/Yp (Baird and Royle
1997). Linkage-map expansion and chiasmata distri-
bution in the terminal regions of human chromosomes
indicate an enhancement of recombination in these
regions (Hulten 1974; National Institutes of Health/
CEPH 1992; Mohrenweiser et al. 1998). In addition,
evidence from yeast demonstrates that unequal re-
combination between nonhomologous telomeres can
provide a mechanism for telomere maintenance in the
absence of telomerase activity (Lundblad and Black-
burn 1993). It has been postulated that a similar
mechanism may be important in telomere mainte-
nance in human cell lines and cancers containing long
telomeres in the apparent absence of telomerase ac-
tivity (Reddel et al. 1997). The data presented here
suggest that human telomeres may have a localized
suppressive effect on recombination—at least in the
human germline, but this does not preclude the pos-
sibility of there being unequal exchanges between tel-
omeres in neoplastic cells, where strong selection
would exist for telomere maintenance. In contrast,
suppression of recombination between homologous
telomeres in the germline might avoid the unnecessary
introduction of length heterogeneity between telo-
meres. A reduction in recombination rate has been
observed in yeast as a result of the telomere-position
effect, and it is thought to be dependent upon specific
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telomere binding proteins that form the telosome
structure of yeast telomeres (Stavenhagen and Zakian
1998). Similarly, centromeres are known to exert a
suppressive effect on meiotic recombination (Mahtani
and Willard 1998). The suppression of recombination
at human telomeres may be a consequence either of
the chromatin structure created by such telomere
binding proteins as TRF1 (Chong et al. 1995; Bianchi
et al. 1997; Tommerup et al. 1994) or of the presence
of t-loops (Griffith et al. 1999). If short telomeres have
an altered chromatin structure, the suppressive chro-
matin effect on recombination may be lost and the
short telomere may become available for elongation
by means of recombination-based mechanisms (Bryan
et al. 1995; Bryan et al. 1997).
Formation of Highly Diverged Haplotypes in Telomere-
Adjacent DNA
The presence of high levels of recombination in the
proterminal regions of human chromosome effectively
isolates human telomeres from the influences of selection
operating on the rest of the genome. Therefore, provided
that the telomere-adjacent sequences in the genome re-
main recombinationally suppressed, diverged haplotypes
that arise in these regions may persist for a very long
time. Suppression of recombination may in part explain
the maintenance of a few diverged haplotypes adjacent
to the Xp/Yp and 12q telomeres, and an elevated mu-
tation rate could explain the high levels of sequence di-
vergence both within and between species. However,
these alone do not explain the apparent lack of inter-
mediate haplotypes that must have existed as a conse-
quence of the sequential mutations required to create the
diverged haplotypes. If the intermediate haplotypes have
been lost through rounds of mutation and fixation re-
sulting from random genetic drift at neutral loci (Tak-
ahata 1996), then the question arises as to why two
highly diverged haplotypes persist at the two telomeres.
Although there must be strong selection to maintain a
telomere, it is difficult to imagine how this could result
in the generation and maintenance of diverged haplo-
types in the telomere-adjacent DNA of two telomeres.
It therefore seems unlikely that the diverged haplotypes
arose and that they have been maintained by such se-
lection-based mechanisms as selective sweeps, fre-
quency-dependent selection, and overdominance (Bod-
mer 1972; Nei 1988; Slade and McCallum 1992; Amos
and Harwood 1998).
One explanation is that the diverged haplotypes arose
in a single lineage that has undergone a population bot-
tleneck (Harpending et al. 1998). Prior to the bottleneck,
the population would have contained an extraordinarily
large number of haplotypes in the telomere-adjacent
DNA of both Xp/Yp and 12q. To maintain that level of
haplotype diversity, the population would have to have
been very large and/or the base substitution rate would
have to have been very high. The data from studies of
mitochondrion variation tend to suggest that there has
been a bottleneck during recent human evolution, but
the results of studies of nuclear loci do not always sup-
port this hypothesis (Clark et al. 1998; Harpending et
al. 1998; Zietkiewicz et al. 1998). For example, analysis
of a 3-kb region encompassing the b-globin gene did not
reveal evidence for a bottlenecked founding population,
but it did show evidence for coalescence of the allelic
lineages to a common ancestor ∼800,000 years ago
(Harding et al. 1997).
Two alternative explanations for the presence of di-
vergent haplotypes adjacent to two telomeres can be
envisaged. First, the divergent haplotypes arose inde-
pendently at separate subterminal loci within an archaic
hominoid genome. The high level of exchange between
subterminal repeat sequences then resulted in the relo-
cation of one of the subterminal sequences with a tel-
omere to the end of the same chromosome, thus creating
two highly diverged haplotypes at one locus. We think,
however, that this explanation is unlikely, since there is
no evidence that “donor” loci exist in the modern ge-
nome. The results of linkage analysis indicate that the
only copies of the sequences that can be amplified by
the 12qA, 12qB, and 12qArev primers are linked to the
end of 12q. Also, although a related copy of the 12q
telomere–adjacent sequence is present on some copies of
chromosomes 7q, the sequence in this location does not
show more similarity to one 12q telomere–adjacent hap-
lotype than to the other. In addition, there is no evidence
that a second locus with homology to the Xp/Yp telo-
mere–adjacent sequence is present in the human or in
other great-ape genomes. It would therefore be necessary
to assume that the “donor” loci for the ends of both
chromosomes were present in an ancestral genome but
have been lost from the modern human genome. An-
other explanation is that the diverged haplotypes arose,
in separate archaic hominoid lineages, from a common
ancestral sequence. These lineages would have to have
been isolated for sufficient time to allow divergent hap-
lotypes to arise as a result of sequential mutations and
of fixation in each lineage for one predominant haplo-
type. The degree of sequence divergence between the
haplotypes would be dependent on the mutation rates
of the loci examined. The high mutation rate in the tel-
omere-adjacent sequences would have resulted in rapid
divergence of these sequences in the different lineages.
A subsequent hybridization of two hominoid lineages
would bring the highly diverged haplotypes together.
The continued existence of the diverged haplotypes after
the hybridization event would depend on factors such
as recombination, drift, and founder effect, and it could
vary between loci. This model implies thatHomo sapiens
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may have evolved from a hybridization event between
two hominoid lineages.
The most detailed information on the evolution of
telomere-adjacent sequences is available at the Xp/Yp
telomere. Haplotype analysis of the Xp/Yp telomere-ad-
jacent sequence has been conducted in a number of dif-
ferent human populations; the ancestral haplotype has
been determined from the orthologous sequences in the
chimpanzee, gorilla, and orangutan; and the rate of se-
quence evolution can be estimated. Haplotypes B and
D, present at the human Xp/Yp telomere, exhibit a se-
quence divergence of 1.9% (between positions75 and
1080), and the sequence divergence between humans
(haplotype B) and chimpanzees, over the same orthol-
ogous sequence, is 4.6% (Baird and Royle 1997). The
divergence of theHomo and Pan lineages has been dated
to ∼4.5 million years ago (Miyamoto et al. 1988; Horai
et al. 1995; Takahata and Satta 1997). By use of this
information, it is possible to estimate that, for such di-
verged haplotypes to arise, the required separation time
of two lineages is 1.9 million years (4.5/4.6∗1.9).
Identification of when the proposed hybridization
event might have occurred is difficult. If the hybridiza-
tion brought together only the two most highly diverged
haplotypes at Xp/Yp (D and B), sufficient timemust have
elapsed, since the hybridization, for haplotypes A and
C to be formed. Alternatively, the hybridization could
have occurred more recently, bringing together haplo-
types A, B, and C from one lineage and haplotype D
from the other. It is likely, however, that some haplotype-
specific polymorphisms have arisen since the hybridi-
zation event or, indeed, since a population bottleneck.
For example, at 12q, polymorphisms specific to the
12qA1 (646) and 12qB (1212) haplotypes (table 2)
have been detected during the sequence analysis. Since
the timing of the proposed hybridization event is un-
known, it is not possible to suggest which hominoid
lineages may have been involved; however, the common
ancestor to the lineages must have existed 12 million
years ago, perhaps coinciding with one of the Austra-
lopithecine species. Additional analysis of the 12q tel-
omere and its adjacent sequence in other human pop-
ulations may distinguish between the explanations
outlined above, but it is not unreasonable to suggest that
hybridization between lineages separated by 1.9 million
years could occur, because the orangutan subspecies
Pongo pygmaeus abelii and Pongo pygmaeus pygmaeus
are capable of producing fertile offspring, despite the
existence of molecular data that suggests that the two
subspecies diverged 1.5–1.7 million years ago (Zhi et al.
1996). Of the two diverged haplotypes in the orangutan
Xp/Yp telomere–adjacent sequence (discussed above),
one haplotype (orang-lower) was detected in both the
orangutan subspecies, but the second haplotype (orang-
upper) was detected only in the Pongo pygmaeus abelii
subspecies (2/18 alleles) (Baird and Royle 1997; Baird,
unpublished data). Furthermore, the observation of ho-
moplasy in skeletons of the Australopithecine species A.
africanus andA. afarensis suggests that human evolution
was more complex than is currently understood (Mc-
Henry and Berger 1998a; McHenry and Berger 1998b),
and, recently, a skeleton with both human and Nean-
derthal characteristics was identified (Duarte et al.
1999).
One prediction of the scheme of human evolution pre-
sented here is that the unusual genetic characteristics
described at two telomeric loci may occur elsewhere in
the human genome. However, such regions are only
likely to be detected in areas of the genome that have
reduced levels of recombination and selection and that
are isolated from the rest of the genome by recombi-
nation hotspots. One possible example is at the hyper-
variable minisatellite MS32 (Jeffreys et al. 1998a;
1998b), where polymorphisms in the DNA upstream of
the recombination hotspot are in strong linkage dis-
equilibrium.
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